Geohazards associated to submarine hydrothermal systems still represent a tricky enigma to face and solve for the scientific community. The poor knowledge of a submarine environment, the rare and scarce monitoring activities, and the expensive and sometimes complicated logistics are the main problems to deal with. The submarine low-energy explosion, which occurred last November 3, 2002, off the volcanic island of Panarea, highlighted the absence of any hazard scenario to be used to manage the volcanic crisis. The "unrest" of the volcanic activity was triggered by a sudden input of deep magmatic fluids, which caused boiling water at the sea surface with a massive CO 2 release besides changes in the fluids' geochemistry. That event dramatically pushed scientists to develop new methods to monitor the seafloor venting activity. Coupling the information from geochemical investigations and data collected during the unrest of volcanic activity, we were able to (a) develop theoretical models to gain a better insight on the submarine hydrothermal system and its relationships with the local volcanic and tectonic structures and (b) to develop a preliminary submarine volcanic hazard assessment connected to the Panarea system (Aeolian Islands). In order to mitigate the potential submarine volcanic hazard, three different scenarios are described here: (1) ordinary hydrothermal venting, (2) gas burst, and (3) volcanic eruption. The experience carried out at Panarea demonstrates that the best way to face any submarine volcanic-hydrothermal hazard is to improve the collection of data in near real-time mode by multidisciplinary seafloor observatories and to combine it with periodical sampling activity.
Introduction
The seven emerged volcanoes of the Aeolian Archipelago represent the youngest volcanism that migrated southeastward from the central and southern sectors of the Tyrrhenian Sea during the Lower Pleistocene [1] .
The entire volcanic arc is nowadays well known to be a multihazard prone area for which risk assessments have been constrained due to the occurrences of volcanic phenomena, seismic events, and tsunamis. According to historical catalogues [2] , several strong earthquakes hit the western and central sectors of the Aeolian Archipelago (e.g., the Mw = 6:2 in March 1786 or the recent Mw = 6:1 in April 1978) related to a NNW-SSE trending right-lateral strike-slip fault system and caused severe damages and casualties in the surrounding localities [3] . On April 20, 1988 , a small landslide of approximately 200,000 m 3 occurred on the external northeastern flank of the "La Fossa" crater on the island of Vulcano. The landslide fell into the sea, producing a small tsunami that was locally observed in the neighbouring harbour called Porto Levante [4] .
The island of Vulcano suffered a strong explosive activity during 1888-1890 at the end of 15 years of low-energy phreatic blasts [5, 6] . The products of that eruption (blocks weighing up to 5 tons) covered the area where the tourist village is located. Recently, between 1988 and the late 90s, the volcanic activity reactivated the crater fumaroles with temperatures above 700°C; a huge amount of volcanic gases was released inside the crater. In the eastern part of the Archipelago, a variety of different eruptive periods took place at Stromboli volcano (see Francalanci et al.' s study [7] and the references therein). On December 28, 2002, a flank eruption started after almost a year of growing explosive activity from the summit craters [8] . Effusion of lava took place from several vents along the Sciara del Fuoco. Two days later, a huge flank collapse induced a 20 km 3 landslide producing tsunami waves that caused damages around the island of Stromboli and other Aeolian Islands (Lipari and Vulcano) and along the Sicily and Calabria coastlines. Damages to a chemical plant and to an oil tank occurred at the industrial area in Milazzo, located 35 nautical miles away to the south of the island. Different strong paroxysms occurred at Stromboli, causing huge damages to the village of Ginostra (ca. 40 inhabitants) mainly on April 5, 2003, and March 15, 2007 . The fallout of incandescent blocks with the diameters between 0.3 and 2 m reached ballistic distances from 400 to 1300 m from the craters, and some of them triggered wildfires [9] . At Stromboli (about 500 inhabitants), during the summer period, the number of residents considerably increases exceeding 5000 people [10] . The last two main eruptive crises of the Stromboli volcano of [2002] [2003] and 2007 occurred in winter, which is the low-tourist season and thus did not cause any fatality. The most recent effusive eruption along the Sciara del Fuoco was in 2014; however, a permanent Strombolian explosive activity is still ongoing. The different volcanic products (blocks, ash, etc.) produce variable hazard scenarios. For instance, lava flows, pyroclastic flows, and surges are able to damage populated areas, whereas ashes emitted during intense and prolonged eruptions usually have an important effect on the air traffic. Any volcanic activity can also inject large amounts of gases and aerosols into the atmosphere during both eruptions and degassing activity, inducing a health risk for the local population. Moreover, volcanic activity can trigger secondary hazardous phenomena such as landslides and tsunamis. Different geochemical surveys carried out [11] at Vulcano island indicated that during and after periods of volcanic activity unrest, there are potential hazards deriving from endogenous gas release in the inhabited area of Vulcano Porto. The CO 2 and H 2 S air concentration measurements identified sites with a significant gas hazard at Levante Beach, where intense submarine degassing activity is also present. During the summer period, the number of exposed people, mainly at the Vulcano porto area, grows exponentially, often exceeding 27.000 presences, mainly composed of tourists and seasonal workers. In wintertime, the resident population is less than 800 people.
In November 3, 2002 , an explosion occurred 2.5 nautical miles off Panarea island, inducing an intense and long-lasting gas eruption over a shallow depth (2 to 30 m deep) and 2.3 km 2 wide area surrounded by the islets of Panarelli, Lisca Bianca, Bottaro, Lisca Nera, and Dattilo [12] . The "degassing crisis" lasted several months and killed all the living matter in the submarine area [13] .
In contrast to the hazard assessment related to submarine volcanic activity, the volcanic-hydrothermal hazard assessments have never been estimated due to a range of reasons: (i) the submarine hydrothermal fields are mostly undiscovered, and the known ones are generally not easily accessible; (ii) the venting areas are commonly characterized by weak hydrothermal discharges which do not reflect the destructive potential of gas bursts; (iii) the hydrothermalism within the Mediterranean Sea is often associated with late volcanism keeping a steady state for the venting activity; (iv) the historical information of submarine gas burst events is significantly rarer compared to the catastrophic earthquakes and to the subaerial eruptions. All of the above-mentioned reasons led to the erroneous conclusion that the submarine hydrothermal activity is not hazardous.
The improvement of our knowledge about the submarine hydrothermal systems has to be framed in terms of life safety and environmental preservation. Hydrothermal fields in the Southern Tyrrhenian offshore are located over the seamounts [14] [15] [16] and in the coastal areas of the Aeolian Archipelago [17] [18] [19] [20] [21] , in front of Capo Vaticano [22, 23] , along the coast of Ischia island [19] , in the Bay of Naples and Pozzuoli [24, 25] , and off the coast of Ventotene and Zannone (Pontine Islands) [26, 27] . All the systems are characterized by CO 2 -rich emissions and thermal waters commonly associated to past or recent volcanic activity. Moreover, investigating the hydrothermal activity, namely, the venting activity of submarine thermal fluids, especially in steady-state volcanism, is a key tool of highlighting the behavior of residual magmatic bodies at depth and the contamination of the seawater due to natural processes (hydrothermalism) in comparison to anthropic effects. It is accepted that the seeping process is driven by active tectonic lineaments which usually control the local permeability that drives the fluids upraise and their emission rates.
The well-known and documented submarine hydrothermal manifestations located at shallow depth off Panarea island (Aeolian Islands) are located inside a large paleocaldera formed in the central part of the volcanic edifice. The main exhalative field falls within the area of the minor islets (Bottaro, Dattilo, Lisca Nera, Lisca Bianca, and Panarelli; Figure 1 ) about 2 miles to the east of the main island [17] . The Panarea hydrothermal field has extensively been investigated for many different reasons (e.g., in [13] ): it represents an important natural laboratory in order to better understand the processes governing the thermal fluid migration from the deep reservoir to the seafloor, the impact of an active hydrothermal system on the seafloor ecology, the role of bubbling and dissolved CO 2 on the living matter, and the contribution of natural gas emissions to the ocean acidifications. The geochemical features of the hot fluids provide important information on several interactions among seawater, meteoric water, magmatic gases, and hosting rocks, and they help in defining the relationship between the hot deep source and its surrounding area.
Geofluids
The main purpose of this paper is to describe different hazard scenarios connected to the hydrothermal and volcanic activity of the Panarea volcanic island that can be of general application to correctly asses the hydrothermalismrelated hazards at least at a Mediterranean scale. Moreover, we investigate on the finest monitoring strategy to adopt in order to mitigate this kind of hazard. Considering the economic role of Panarea, one of the most important tourist destinations within the Mediterranean Sea, with an exponential increase of exposed population during the tourist season, this study could represent a useful support for the Civil Protection Authorities to perform an 
Geo-Volcanological Setting
The Aeolian Archipelago is composed of seven main emerged islands (Alicudi, Filicudi, Salina, Lipari, Vulcano, Panarea, and Stromboli) ( Figure 1(a) ).
The Aeolian volcanism probably started during Lower Pleistocene [28] , as supported by the volcanoclastic sequence interbedded within the Lower-Middle Pleistocene clays outcropping along the Tyrrhenian margin of the Peloritani Mountains [29] dated 980-589 kyr. On the contrary, the age of the oldest subaerial volcanic products has been estimated to be 260 kyr [30] [31] [32] .
Panarea is located in the eastern sector of Aeolian Islands between Stromboli and Salina volcanoes (see Figure 1 (a)). The Panarea edifice rises from depths of ∼1700 m.b.s.l. and consists of a truncated cone hugely modified by erosion and volcano-tectonic activities. The volcanic group is commonly defined as a dome field, and the emerged part started to assemble in ∼155 kyr. Around 50-60 kyr, the volcanic activity definitely shifted eastward in the minor islet area and culminated with the emplacement of the Basiluzzo dome structure. The Panarea volcanic system is formed by the main island and some minor islets (Basiluzzo, Dattilo, Panarelli, Lisca Bianca, Bottaro, and Lisca Nera) distributed over a shallow water platform (Figure 1(b) ). The volcanic products drift from basaltic andesite to rhyolite compositions and show calc-alkaline and high-K calc-alkaline signatures. The main island is dissected by two tectonic systems, which have controlled the dome effusion and the feeder dyke layout. The NE-SW-oriented trend is recognized as dominant and modeled the western flank of the edifice; on the contrary, the NW-SE-oriented features are less evident and are exposed in the northern and in the southeastern portions of the island [33] .
Submarine Hydrothermal Activity
The Panarea volcanic group hosts one of the most active submarine hydrothermal system of the Mediterranean Sea. The main submarine hydrothermal field is located within the area of the minor islets ( Figure 1(b) ) recognized as the remnants of a crater rim [34, 35] . As reported by Italiano and Nuccio [17] , several gaseous emissions spread over the sea bottom around the Panarea area up to the northeastern margin of the Basiluzzo islet, up to a depth of 400 m (F. Italiano, personal communication). Hydrothermal fluids come out from the main tectonic directrices crossing the Aeolian arc following NE-SW and NW-SE trending alignments [17, 36] . Chimneys and other areas of venting fluids have recently been discovered between the island of Panarea and the islet of Basiluzzo, along a possible caldera border [13] . The tectonics drive the distribution of the hydrothermal vents, deposits, crusts, and mineralizations characterizing the whole Panarea offshore [37] .
3.1. Fluid Geochemistry. The hydrothermal fluids vented at the sea bottom consist of both gases and thermal waters (see Figure 2 ) in which temperatures, detected at the emission points, are in the range of 40-140°C. Table 1 summarizes the chemical and isotopic composition of the bubbling gases collected in 2015, 2016, 2017, and 2018 from three different sites located within the main geothermal field. Gases have been sampled directly from submarine vents using an inverted funnel connected to two-way glass bottles (see Italiano's study [18] for further details). The chemical composition of the bubbling gases was determined by gas chromatography (GC) using an Agilent equipped with a double TCD-FID detector and argon as the carrier gas. The gaseous samples had been admitted to the GC by a syringe, and the uncertainties are within ±5%. Measurements of carbon isotopic compositions (δ 13 C CO2 ) of the vented gases were made by a Delta Plus XP IRMS equipped with a Thermo TRACE GC interfaced with Thermo GC/C III. The results (expressed in δ 13 C‰) are relative to the V-PDB (Vienna-Pee Dee Belemnite) standard, and the standard deviation of the 13 C/ 12 C ratio was ±0.2‰. The He isotope ratio ( 3 He/ 4 He) was analyzed by a Helix SFT-Thermo static vacuum mass spectrometer after purification of He under highvacuum and cryogenic separation from Ne. Helium isotope compositions are given as R/R A , namely, 3 He/ 4 He of the sample versus the atmospheric 3 He/ 4 He (R A = 1:386 × 10 -6 ). Typical uncertainties are within ±5%.
The chemical and isotopic composition of gaseous emissions collected from 2015 to 2018 is comparable to that reported in the literature (e.g., [17] ) for gases sampled during prolonged steady-state conditions. Bubbling Gases exhibit high CO 2 contents (~95-98 vol. %) and variable contents of H 2 S (from 0 to~6.5 vol. %), associated to minor amounts of H 2 , N 2 , He, CH 4 , and CO. The composition is strongly influenced by gas/water interaction (GWI) processes occurring at either high or low temperatures. GWI induces severe changes in the pristine geochemical features of the vented fluids due to the following: (i) steam condensation; (ii) loss of highly soluble species (i.e., SO 2 , HCl, and HF); (iii) depletion and fractionation of soluble species partially dissolved in water (i.e., H 2 S and CO 2 ); and (iv) enrichment in He, CH 4 , and atmospheric components (i.e., O 2 and N 2 ) dissolved in seawater. The isotopic composition of carbon (δ 13 C CO2 varying between -1‰ and -3‰ V-PDB) and helium (R/R A ranging from 4.1 to 4.4) clearly indicates the presence of a magmatic component in the gases [17] .
The gas sample collection (2015-2018) carried out in the frame of this study is part of the periodical monitoring activity carried out by INGV over the area of Panarea.
The Submarine Panarea Crisis.
The sudden unrest of submarine volcanic activity which occurred off the island of Panarea in November 2002 was interpreted as a submarine low-energy explosion that opened a "crater" of 20 by 10 meters wide and 7 meters deep [38, 39] .
A huge degassing activity increased the CO 2 flow rate by orders of magnitude: degassing rate estimations carried out over a 4 km 2 wide hydrothermal area before the event provided an integrated flow rate in the range of 10 7 litres/day of CO 2 , in contrast with the gas vented only by the crater, estimated to be in the order of 1 − 2 × 10 9 l/d CO 2 . Due to the high solubility of CO 2 in seawater, such a large amount of gas made the surrounding marine environment anoxic killing all the living matter in the area. Moreover, the injection in the atmosphere might form a cloud of about 10 -3 km 3 in the absence of wind.
According to Caliro et al. [38] and Caracausi et al. [40, 41] , the unrest episode was caused by a sudden and short-lived input of deep magmatic fluids in the geothermal reservoir. Within a more open view, the 2002 unrest event represents the only submarine hydrothermal explosion observed in the Mediterranean Sea over modern times.
Besides the periodical sample collection (gases and hot waters for laboratory analyses), a continuous monitoring has been carried out by a seafloor observatory developed to perform near real-time data transmission [42] . Among the other sensors, the acoustic probe (hydrophone), installed for a long-term recording of the noise of the bubbling gases in a frequency range of 0.5 Hz -3 kHz, gave useful information for a tight tectonic link between the submarine volcanic activity of Panarea island and the crater explosions of the nearby active volcanic island of Stromboli [43] .
Historical Explosive Episodes.
Greek and Roman historians from the past, such as Strabo, Titus Livius, Orosius Paulus, Pliny the Elder, and Panaetius (see [44] ), widely described violent exhalative events that occurred off the island of Panarea that generated heat, death of fish, and bad smells. Particularly, Strabo told about fire, flames, and ash, which appeared above the sea surface between Hiera (Vulcano island) and Euonymos (Panarea island); this event is dated 126 BC, and the geographic illustration can match the crater area location in between the minor islets in front of Panarea. Mercalli [45] reported jets of hot steam observed by Fouquè in 1865; this event was concomitant with powerful eruptions of Stromboli and Mount Etna. 
Geofluids
A similar sequence can be recognized in 2002: the gas burst (November 3) was preceded by a sequence of tectonic events which started with M = 5:6 earthquake (6/9/2002 [46] ) in the Southern Tyrrhenian Sea and by the onset of the Mount Etna eruption (27/10/2002) . A few weeks later (28/12/2002), it was followed by the onset of an intense eruptive phase which started from the flank of Stromboli. According to Walter et al. [47] , the earthquake-induced strain may have triggered fluid pressure migration within the active hydrothermal and magmatic systems, generating the Panarea gas burst and the Mount Etna and Stromboli eruptions.
Further indications about the volcanic activity related to the hydrothermal system of Panarea come from geomorphological studies carried out after the crisis (Anzidei et al. [36] ; Esposito et al. [48] ). The results show how the shallow water platform, located between 0 and -30 m among the islets where the main Panarea hydrothermal area is located, is dotted by a large number of crater-like depressions. More than a hundred of those structures have been recorded, the biggest of them being 175 m wide by 5 m deep. It seems probable that these crater-like structures have been formed by past submarine gas explosions, quite similar to the 2002 event in terms of energy, amount of gas released, and time length; this assumption underlines the fact that this area has been very "hydrothermally" active in recent historical times.
According to Heinicke et al. [43] , the seismic, volcanic, and hydrothermal activity of the Panarea volcanic group is controlled by a N40°E normal fault on which Panarea and Stromboli edifices developed. In the Panarea sector, the N40°E fault and its associated fracture network symbolize the preferential way allowing the hydrothermal fluids to ascend and reach the seafloor; in this environment, a sudden increase of temperature and fluid pressure, in response to changes in the regional stress field, can generate hydrofracturing and rupture [12, 41, 48] .
The Volcanic-Hydrothermal System. Fluids vented at
Panarea originate from a reservoir, located at some level beneath the seafloor, kept at the boiling conditions by the thermal energy released by hot magmatic fluids [17, 40] . The results allowed Italiano and Nuccio [17] to model the hydrothermal system composed of several separated geothermal reservoirs fed by hot hydrothermal fluids with a magmatic component. The hot fluids are released by a deep geothermal reservoir (T > 350°C) constantly recharged by seawater and by magmatic fluids. Inside the deep geothermal reservoir, intense water-rock interactions (WRI) [17] change the original seawater composition by selective extraction of chemical elements from the hosting rocks. During the hydrothermal fluid uprising, the pressure drops inducing boiling and thus phase separation with the production of steam besides high-density liquid phases. Those fluids feed the shallower reservoirs, and the number and intensity of the interactions drive the final geochemical features of the fluids vented at the seafloor.
The chemical composition of the vented hydrothermal fluids is buffered by pressure, temperature, and redox conditions. Following the indications and constrains proposed by Italiano and Nuccio [17] , we used the reactive gas The pressure is shown on the vertical axis as P H2O (bars). The boiling curves for saturated NaCl and 1% NaCl waters (brines) are shown. P H2O is calculated by using the estimated equilibrium temperatures. 6 Geofluids concentrations of CO, CH 4 , and CO 2 to estimate the reservoir equilibrium temperatures. Figure 3 shows the results of the performed geothermometric and geobarometric estimations considering the analytical composition of the bubbling gases collected at the main hydrothermal vents over a 30-year long time span including data recorded in the 1980s (after [17] ), during the 2002-2003 volcanic crisis (after [40] ), and from 2015 to 2018 (this work). We have to take into consideration that the temperature estimations, based on the system H 2 O, CO 2 , CH 4 , and CO, are reasonably valid in the range between 100 and 400°C [17, 49] . The very high CO 2 solubility in seawater during GWI processes, especially in comparison to those of CO and CH 4 , provokes severe alterations of the CO 2 /CO and CO 2 /CH 4 ratios. The slow CO and CH 4 reaction kinetics allows them to retain their abundance ratios keeping the deep equilibrium conditions during their uprising. At the same time, due to their similar solubility coefficients, the CO/CH 4 ratio remains rather constant. The adopted system, however, is more sensitive to the CO and CH 4 contents than that of CO 2 ; thus, the extent of GWI responsible for the variations of the CO 2 concentration do not influence the estimated equilibrium temperatures (see Italiano and Nuccio's study [17] and Italiano et al.'s study [50] for further details). According to Italiano and Nuccio [17] , the equilibrium constants are a function of temperature and oxygen fugacity (f O2 ). The latter is buffered by the mineral assemblage (quartz, olivine, magnetite, hematite, and nickel) of the hosting rocks, whereas the temperature influences the water molecule breaking (H 2 O = H 2 + ð1/2 O 2 Þ ). The results have been plotted on the already adopted temperature (f O2 graph) (Figure 3(a) ) showing that Panarea samples fall between two theoretical f O2 buffers proving that an equilibrium is attained in every geothermal system. The calculated geotemperatures can also been used to constrain the depth of the geothermal reservoir (Figure 3 [40] . If a steady state condition is kept at the reservoir level, no significant changes in the geochemical features of the vented hydrothermal fluids are observed with the time, with tides being the main factor acting on the fluid escape. Sudden or wide changes are clear indications that the deep magmatic feeding is not simply related to a cooling magma body, but additional processes (e.g., changes in vertical permeability due to tectonics and fluids from an active magma degassing) have occurred.
Hazard Scenarios
Concerning the last eruptive activity of the Panarea volcanic group, several doubts and uncertainties still exist. The most recent papers (e.g., Lucchi et al. [33] ) indicate the Drauto pumices (Drauto Formation) as the latest products referred to the Panarea volcanism; no radiometric dating has been carried out, and the age proposed is confined between 24 and 8.7 kyr on the basis of tephrostratigraphic relationships. The Drauto pumices are, in fact, embedded within the Upper Brown Tuffs (fallout eruption units from Vulcano island) which lie above a 27-24 kyr marker bed and below a 8.7-8.4 kyr tephra layer (both markers are external). The Drauto Formation has been interpreted as the result of moderate explosive episodes which originated from a vent situated in the area of the minor islets in light of the geochemical and mineralogical composition and the east-west decrease of thickness and grain size.
During submarine investigations, Bellia et al. [52] and Italiano and Nuccio [17] discovered basic dykes and pillow lavas near the Bottaro islet. The rocks resulted to be deeply altered by the hydrothermal activity precluding any attempt to characterize and dating those products. Their basic composition suggests a totally different age, melt evolution, and emplacement mechanism in comparison to the latest volcanic eruptions located to the East of the main island of Panarea (i.e., Basiluzzo lava dome and Drauto Formation); therefore, we could consider these dykes and pillow lavas as the result of the most recent volcanic event which occurred in this area. Further investigations found out the presence of submerged remnants of probable Roman age [52] [53] [54] [55] [56] close to Basiluzzo and Lisca Bianca islets, at a depth of 3-14 meters. This localized subsidence can be related to a magma chamber deflation or to the extensional neotectonic activity. Both scenarios might have been connected with volcanic eruptions.
The explosions associated with the observed craters at the main hydrothermal field have involved the sediment cover formed during the seawater rise following the Wurmian lowstand [48] ; hence, they must be younger than 10.000 years at least. Considering the presence of~150 craters within the area of the minor islets, the average probability of the occurrence of hydrothermal explosions was calculated by Monecke et al. [20] as to be one event per~65-70 years. As a matter of fact, explosive events, such as the 2002 unrest episode, have to be considered common phenomena, and therefore, the occurrence of an explosive gas eruption cannot be ruled out.
Taking into account the above-mentioned considerations, constraints, and speculations from previous and historical works about volcanism, we hypothesize and describe three distinct hazard scenarios for the area (Table 2 ): (i) ordinary hydrothermal venting activity; (ii) occurrence of a gas burst; and (iii) occurrence of a volcanic eruption (Drautotype). Our scenarios are also supported by the multidisciplinary data showing the close link between hydrothermalism, volcanic, and geodynamic processes affecting the Panarea volcanic group.
Scenario 1: Ordinary Hydrothermal
Venting. The potential geohazard associated to the normal discharge activity are 7 Geofluids mainly centered on the role of hydrothermal fluids constantly released by the submarine vents. In this situation, bubbling gases can be totally or partially dissolved in seawater during their rise through the water column as a function of their mass ratio. The possibility that deep-originated gases reach the atmosphere depends on the gas emission rate, the depth, the bubble size, the time length, and the intensity of the interactions between bubbling gases and marine waters along the seawater column. When the amount of gas vented at the seafloor increases, a larger gas fraction could reach the sea surface and interact with the lower atmosphere. This occurrence could be very hazardous to the human health, especially under certain weather conditions such as low atmospheric pressure and no wind. Those conditions may easily occur in summer during the tourist season when Panarea hosts thousands of people in land and a huge number of luxury boats in between the main island and the islets.
The bubbling gases from submarine vents are mainly composed of CO 2 and H 2 S, and their dangerous (and sometimes lethal) effects are controlled by two factors: their concentrations and the exposure times.
Carbon dioxide (CO 2 ) is an odorless and colorless gas with higher density than the dry air; it is commonly defined as a "killer gas," and in the atmosphere, its content is around 400 ppm. In case of the wind absence and a continuous gas injection from the seafloor to the atmosphere, the CO 2 could accumulate just over the sea surface forcing the generation of air volumes depleted in O 2 and enriched in CO 2 . This hazardous situation could be responsible for the following: (i) asphyxia phenomena that usually appear when the O 2 concentration is <16 vol. % and O 2 concentration of 13-10 vol. % that could induce unconsciousness and death [57] and (ii) exposure to low-level CO 2 concentration (<4 vol. %) that could produce different short-term effects such as weakness, headache, and cough and CO 2 concentration above 4 vol. % that has been defined by Rice [58] as the IDHL (immediately dangerous to life/health) causing an immediate risk for the human health and life.
Hydrogen sulfide (H 2 S) is acutely toxic and colorless, and at low concentration, it is well known for the traditional "rotten egg" smell. The H 2 S may cause severe health troubles under prolonged exposures [59] . It becomes very harmful in case of long-term exposure at concentration levels of 1 ppm: it could provoke weakness, headache, and neurological diseases. At high concentrations, in the range of 200-250 ppm, it can trigger some respiratory system diseases and death whereas at 1,000 ppm it is lethal.
Scenario 2: Gas
Burst-Type Event. The results of recent geophysical investigations [48] remarked how the gas explosions are common phenomena over the submarine Panarea hydrothermal area; thus, trying to analyze the possible evolution of a gas burst event in terms of intensity, features, damages, and short-term effects has become a critical goal. According to Monecke et al. [20] , the average probability of the occurrence of gas bursts is around one event per 65/70 years; this result was obtained assuming that all the~150 craters detected at the seafloor formed after the end of the glacial era, thus over the last~10 kyr. Unluckily, a valid and reliable value cannot be calculated because too many undefined factors are in play. Evaluating the onset time of crater formation is not possible; the sediment cover reworked during hydrothermal explosions represents the unique temporal marker applicable in this context. These sediments are referred to the seawater rise associated to the last lowstand, and therefore, 10 kyr represents the oldest available time for the onset. Additionally, the fastest phase of sea level rise ended~7 kyr [60] and we have no clear evidence that the top of the sediment cover is confined at~10 kyr. Moreover, new craters could be superimposed over the older ones, or a single crater might have been involved by more than one gas burst. For those reasons, one event per 65/70 years could be considerably underestimated. We cannot also ignore the evidence that gas burst episodes are controlled by faults (e.g., [43] ), and it is extremely plausible that since 10-7 kyr the occurrence probability has changed many times in response to changes in the tectonic activity. As a matter of fact, the current probability results to be unknown. This hypothesis is corroborated by the fact that several changes in the eruption style and in magma composition affected Stromboli during the last 15-13 ka (see Francalanci et al.'s study [7] and the references therein). These features, together with Poisonous gas clouds (toxic clouds); tsunamis.
Intermittent eruptive columns; tephra fallout; pyroclastic density currents; toxic clouds; tsunamis.
Mitigation measurements
Near real-time monitoring of CO 2 and H 2 S concentrations in the seawater surface/atmosphere. Evacuation of Panarea villages located downwind to the gas burst area; interdiction of tourist activity and marine navigation in the gas burst area; near real-time monitoring of the gas output and CO 2 and H 2 S concentrations.
Evacuation of the whole Panarea island and the coasts of the surrounding Aeolian Islands; interdiction of marine navigation and tourist activity. 8 Geofluids the multistage genesis of the Sciara del Fuoco depression, indicate that the recent volcanic evolution of Stromboli has been driven by the occurrence of tectonic pulses over the same tectonic structure in which also Panarea island developed.
We have to consider that the intensity of gas bursts can be variable and unpredictable, as testified by different shapes and extension of the craters. The released energy generally depends on the amount of the magmatic fluids injected into the geothermal reservoir at depth; for example, the energy estimate carried out for the 2002 gas burst episode was 1:3 × 10 8 J [41] and the volume of removed sediments resulted around 3 × 10 3 m 3 [48] . The maximum potential energy that can be released as a consequence of a gas explosion caused by a 2002-like mechanism was roughly calculated by Caracausi et al. [41] in the order of 10 9 J.
The features expected for this scenario are the same with those observed during the burst which occurred in 2002, with changes in the geochemical composition of hydrothermal fluids, decrease of seawater pH, total gas output enhancement along with the reworking of rocks and sediments, the death of fish, and sulfurous smell. The anomalous high gas output from seafloor (orders of magnitude higher than the ordinary degassing) drives the formation of extremely dangerous and lethal gas clouds (mostly CO 2 and H 2 S) in the atmosphere just above the venting zone. Toxic clouds are the main hazardous effects correlated with this event because they can be moved by wind and reach the Panarea village, boats at the anchor, or the other islands located even several kilometers away from the venting field causing diseases or death to exposed people. A similar condition occurred during the 1650 Kolumbo submarine eruption that caused clouds of poisonous gases which reached the adjacent Santorini island ( [61, 62] and references therein). All of these aspects (i.e., CO 2 and H 2 S released and volume of toxic clouds and of reworked sediments) could have different impacts as a consequence of the gas burst energy.
Prevention activities in order to mitigate the potential risks of this area, mainly during summertime, consist in the evacuation of the downwind villages to the respect of the gas venting zone, with the interdiction of the entire degassing area to tourists and navigation.
An exceptionally powerful explosion could also induce submarine ruptures, collapses, and landslides with a tsunamigenic potential. According to Caracausi et al. [41] , tsunamis might be triggered if the energy (and consequently the amount of volatiles involved in the gas explosion) is at least two orders of magnitude higher than that estimated for the 2002 event.
Scenario 3: Volcanic Eruption (Drauto-Type) Event.
Panarea island has long been considered by local people (and scientific community as well) an extinct volcano. Italiano and Nuccio, in 1991, first proposed that the island was an active volcano based on the energy estimations related to the gas output. The most recent information and events highlight how Panarea volcanism is still active and potentially dangerous. The presence of magmatic bodies beneath the Panarea area is supported by the geochemical informa-tion coming from the bubbling gases showing δ 13 C CO2 values and 3 He/ 4 He ratios in the same range of those recorded at the active volcano of Stromboli. As a matter of fact, it cannot be excluded that there is a possibility that a volcanic eruption might take place in the future in agreement with Lucchi et al. [33] who pointed out that the occurrence of an explosive eruption similar to that which produced the Drauto Formation cannot be ruled out. The scientific community has interpreted the Drauto pumices as the formation which recorded the latest eruptive event(s) of Panarea; moreover, considering that no absolute evidence has been identified against it, we decided to adopt the "Drauto-type event" as the plausible scenario connected to a volcanic eruption.
The Drauto eruptions, according to Lucchi et al. [33] , is composed of two distinct fallout units, probably generated from a proximal source area in the Panarea volcanic group, with a rapid east-west decrease of thickness from about 25 cm at Basiluzzo to 20 cm at Drauto, to less than 10 cm at Castello di Salvamento. According to Lucchi et al. [33] , these fallout units were emitted from a vent located in the area of the minor islets and presently completely eroded and submerged. This provenance is supported by the high-K to SHO affinity (high-K andesite-dacite to latite) and the distinctive biotite-amphibole mineralogic content of the Drauto pumices, which are comparable to some volcanic products of the Lisca Bianca and Bottaro islets [63] .
The Drauto-type volcanic activity can be expressed by moderate fallout eruptions from intermittent volcaniantype eruptive columns comparable to those which generated the Soldata pumices (Eruptive Epoch 2 of Panarea [33] ). The volume of magma involved in a possible Drauto-type eruption could be similar to the values estimated from Drauto and Soldata pumices events (1:5 × 10 7 m 3 and 2:3 × 10 7 m 3 , respectively, [33] ); obviously, this assumption is purely indicative as the amount of magma emitted during volcanic eruptions depends on various aspects. This eruptive style can generate several dangerous phenomena such as toxic clouds and dilute wet-type pyroclastic density currents (PDCs); however, tephra fallout from the explosive eruptive columns is surely the most significant outcome. The fallout intensity reflects the combined effect of wind variability, column height, duration, and total erupted mass. The tephra fallout hazard assessment has recently caught the attention of some researchers [64] [65] [66] [67] [68] [69] , who assumed a few representative eruptive scenarios for the Phlegrean Fields and Somma-Vesuvius areas where over three million of people are perilously exposed.
The combination of different data allowed to explain the 2002 gas burst of Panarea and the following eruption at Stromboli as the result of hot fluids and magma migration through tectonic lines caused by reactivation of geodynamic structures [43] . We can infer that volcanic activity in this zone is totally controlled by the WNW-ESE extensional deformation affecting the eastern sector of the Aeolian Islands. The magmatic source sampled intermittently by the Panarea volcanism seems to be extinct, but even small movements along normal faults may cause an abrupt permeability increase which could induce hot magma rise even from zones far away from the Panarea edifice; this means 9 Geofluids that the occurrence of volcanic eruptions within the Panarea area is closely addicted to the normal faulting activity. Extensional tectonics, Stromboli volcanism, and Panarea activity compose a unique geodynamic system, which can activate an enormous amount of energy; consequently, a hypothetical eruptive episode could be accompanied by tsunami waves. Among the tsunamigenic mechanisms, we can account (i) earthquakes associated to NE-SW normal faults; (ii) eruptive pulses in the minor islet area (the energy released in case of phreatomagmatic explosions can reach 10 17 -10 18 J [70, 71] ); and (iii) landslides along the Stromboli cone due to earthquakes, effusive lateral eruption, and paroxysmal activity.
Regarding this scenario, it is worth noting that in view of the strong link between volcanism and tectonics, a combined approach which considers both the seafloor monitoring observatory [42] and the seismicity is largely the best way to follow in order to provide valid answers about the state and possible changes of the Panarea volcanic-hydrothermal system. In the context of managing natural hazards, prevention measurements to minimize the potential volcanic risk are the evacuation of Panarea island and the interdiction of tourist activities and marine navigation around the island and its surroundings. However, we consider the probability of occurrence of a Drauto-type eruption as extremely low.
The Multidisciplinary Submarine Monitoring Activity
A common way to minimize any natural or industrial hazard is to develop a correct monitoring activity of the main hazard factors. The monitoring activity in Panarea has been carried out following a periodical sampling of submarine vents (including bubbling gases and thermal waters) and using data from a continuous monitoring provided by an automatic system (Figure 4 ) made of a seafloor observatory connected by cable to a surface buoy [42] . The multidisci-plinary submarine observatory has been recently upgraded (see Italiano et al.'s study [72] and Caruso et al.'s study [73] ) with the addition of a new set of sensors including a hydrophone and probes for dissolved CO 2 , pH, and electric conductivity. Moreover, 4 temperature probes monitor the temperature at the hottest vent and in three different thermal water emissions at the seafloor around the observatory. An example of data series recorded from the seafloor observatory is reported in Figure 5 .
The acoustic records are considered the proxy of the degassing activity and may provide information on sudden changes not related to natural forces: tides, waves, etc. As already observed by Heinicke et al. [43] , the hydrothermal fluids vented at the hydrothermal area of Panarea have shown changes related to the volcanic activity of the nearby Stromboli island. A continuous monitoring associated to the geochemical features of the vented gases (including helium and carbon isotopic compositions) may provide important and early information on changes occurring at the submarine vents. Enhancing the surveillance system by the monitoring of CO 2 and H 2 S concentrations in air at the seawater interface could represent the key for success against the gas hazard related to the ordinary degassing activity, mainly at the tourist attractions in the Panarea island and its surrounding islets. Recently, many improvements have been made about the understanding of the submarine hydrothermal system of Panarea, and the near real-time monitoring of the hot fluids vented from thermal areas allows detecting variations and changes within the volcanic-hydrothermal reservoirs. Changes in CO 2 concentration, increase in the temperature, and pH decrease of the vented fluids could represent the initial condition for an enhancement of magmatic volatiles supply. Those geochemical anomalies might be associated to the rising of deep, hot magmatic fluids, and in some cases, they could be responsible for the reactivation of the Panarea volcanic system, triggering a potential and dangerous submarine gas explosion. No evident geophysical changes preceded the 2002 submarine explosion, and GPS data demonstrated 10 Geofluids that no significant differences in the subsidence rate had been observed before November 2002 [12] . Geochemical anomalies seem to be the most reliable resource to precociously identify changes of the Panarea volcanic system. Ordinary venting (Scenario 1) represents the permanent activity of the geothermal system of Panarea. Therefore, the values registered by the multidisciplinary observatory during the steady-state condition correspond to the threshold values to take into consideration in order to detect, and maybe anticipate, any unrest of the volcanic/hydrothermal activity as a consequence of deep inputs of thermal energy at the level of the geothermal reservoir. Taking into account the model proposed for the Panarea hydrothermal system by Italiano and Nuccio [17] , the deep energy input can be transferred to shallower geothermal systems increasing their temperature and enhancing the gas output. We do not expect a gas output increase all over the submarine hydrothermal system, but only localized changes in the gas flow rates, even associated to increases of the thermal water temperature. Among the parameters automatically monitored by the seafloor observatory, the dissolved CO 2 , pH, and acoustic data are probably the most prone to undergo severe modification during the establishment of Scenario 2 (gas burst event) as well as the temperature of the thermal waters measured at the emission point. Moreover, since the hydroacoustic noise is associated to the bubbling activity, every change of the gas flow rate (namely, change of the total gas output) is expressed by frequency shifts and increases in terms of energy (decibels) of the signal. The increase of dissolved pCO 2 and the consequent drop of pH due to the gas flow rate enhancement can be recorded besides an increase of the magmatic component with respect to the hydrothermal one revealed by the laboratory analysis of the bubbling gases periodically taken at the seafloor. Although we might not be able to appreciate a significant increase of the outlet temperature measured by the seafloor observatory before or during a gas burst episode, the equilibrium temperatures of the fluids inside the reservoir will change a lot as it occurred during the 2002-2003 crisis when the estimated equilibrium temperatures were at least 25% higher than those calculated for the ordinary degassing (1980s and 2015-2018 data). For the above-mentioned reasons, we want to stress that the correct strategy to approach the evaluation of the hydrothermal hazard is to couple the continuous monitoring activity with periodical sampling and measurements of the vented fluids.
In the volcanic eruption case (Scenario 3), we expect severe changes in the dissolved pCO 2 , pH, temperature, and acoustic signals due to a larger thermal energy input with respect to Scenario 2. Periodical measurements of the isotopic composition of helium in the vented fluids are very helpful to identify possible undegassed magma batches intruding underneath the deep geothermal system.
We propose that a local network of multidisciplinary seafloor monitoring observatories, as described by Italiano et al. [42] , with continuous data recording and transmission, could represent the best monitoring tool in submarine volcanic 
Conclusions
This work represents a preliminary study on the submarine volcanic-hydrothermal hazard assessment connected to the Panarea activity. Since the 2002 gas burst, this kind of hazard began to be perceived and analyzed with more care [74, 75] , but a lot of work is still needed to be done. In this paper, three different hazard scenarios have been described with the aim of giving useful information for scientific as well as possible civil protection purposes. For the risk assessment, we have to take into account that Panarea island counts, in the winter period, less than 250 inhabitants, most of them fishermen, and no marine activities, are carried out over the area between the volcanic islands of Panarea and Stromboli. Contrastingly, during the summer season, Panarea island hosts a number of inhabitants and an order of magnitude higher than in winter, and, moreover, the area off the east coast of the island, where most of the hydrothermal vents are located, becomes a tourist attraction with hundreds of vessels per day moving over the area. In this framework, evaluating the hazard scenarios results in a key point for a correct risk assessment.
It has been observed that explosive hydrothermal episodes are driven by gas migration from deep magma source and are probably controlled by fault activity; then, we argue that geodynamic processes assume a dominant role in this area influencing the magmatic behavior of the whole eastern Aeolian sector. Changes of geochemical parameters induced by a deep gas input are crucial factors for the deep system overpressure, which could lead to the rupture and to the genesis of a potential gas explosion, favored in many cases by the extensional tectonics at a regional/local scale.
Hazard associated with submarine hydrothermalism represents a new type of challenge concerning the implementation of risk mitigation actions. Continuous monitoring of the seismic activity, gas fluxes, and geochemical parameters is the best way to deal with this significant issue in order to improve our knowledge about any submarine hydrothermal system at a global scale for which Panarea may represent a reference.
